Introduction: Smoking urges are fundamental aspects of nicotine dependence that contribute significantly to drug use and postquit relapse. Recent evidence has indicated that damage to the insular cortex disrupts smoking behaviors and claims to reduce urges associated with nicotine use, although tools that assess urge have yet to be used to validate these findings. We examined the effect of insular versus non-insular damage on urge using a well-accepted urge scale. Methods: This 3-month observational prospective cohort study consisted of 156 current smokers hospitalized for acute ischemic stroke (38 with insular infarctions, 118 with non-insular infarctions). During hospitalization, the Questionnaire of Smoking Urges (QSU)-brief was assessed retrospectively based on experiences before the stroke (baseline, T0), prospectively immediately following the stroke (T1) and once more via telephone at 3-month follow-up (T2), with higher scores indicating greater urge. Bivariate statistics and multivariable linear regression were used to evaluate differences in QSU-brief scores, relative to baseline, between exposure groups, controlling for age, baseline dependence, stroke severity, use of nicotine replacement, and damage to other mesocorticolimbic regions. Results: A greater reduction in QSU-brief score was seen in the insular group compared to the noninsular group from T0 to T1 (covariate-adjusted difference in means of −1.15, 95% CI: −1.85, −0.44) and similarly from T0 to T2 (covariate-adjusted difference in means of −0.93, 95% CI: −1.79, −0.07). Conclusions: These findings confirm the potential role of the insula in regulating nicotine-induced urges and support the growing evidence of its novelty as a key target for smoking cessation interventions. Implications: Human lesioning studies that evaluate the insula's involvement in maintaining nicotine addiction make inferences of the insula's role in decreasing urge, but do not use validated instruments that directly assess urges. This study corroborates prior findings using the continuous Questionnaire of Smoking Urges to quantify changes in urge from before lesion onset to immediate and 3-month follow-up time points.
Introduction
Tobacco dependence is well known globally as the leading preventable cause of morbidity and mortality, yet the prevalence of cigarette smoking-highly variable demographically-remains stable in the United States around 17% 1 and even higher in European (28%) and Western Pacific (26%) countries, 2 while African and Eastern Mediterranean regions show increasing trends. 3 Less known among consumers is that habitual use of cigarettes leads to a chronic condition of brain reward, motivation, memory and related circuitry, 4 triggering uncontrollable use that is also influenced by genetic susceptibility, physiological response, and environmental cues. 5 It is these factors that make it difficult for smokers to quit. Annually, an estimated 43% of daily smokers in the United States stop smoking for at least 24 hours without any pharmacologic help, but up to 95% are unsuccessful and relapse by 12 months after their intended quit date. 6, 7 In persons taking pharmacotherapy and/or behavioral therapy to aid in smoking cessation, about 75% relapse within 6 months of the initial quit attempt, 8 suggesting some part of the reward pathways that are not targeted by these therapies.
Recognized pathways that are involved in drug reward include the mesocorticolimbic regions of the brain-namely the ventral tegmental area, amygdala, nucleus accumbens, prefrontal cortex, and hippocampus-which have consistently shown molecular adaptations when exposed to drugs of abuse in preclinical studies 9, 10 and thus have been the primary target for smoking cessation pharmacotherapies such as bupropion 11 and varenicline. 12 More recently, the insular cortex-the cerebral cortex beneath the sylvian fissure between the temporal and frontal lobes-has received attention due to functional neuroimaging studies showing increased insular activity after passive exposure to drugs and drug-related stimuli. 13 The insula is not part of the mesocorticolimbic pathway but holds dense interconnections with these structures. It is hypothesized that interoceptive information, namely drug-induced stimuli, from thalamocortical structures is received by the insula, which triggers the prefrontal cortex and amygdala to activate dopaminergic response in the ventral tegmental area. 13, 14 In this manner, the insula acts as the link between the conditioned stimuli and physiological states such as urge, which translates to poor decision making and impulsive behaviors.
Clinical evidence of changes in cigarette use and nicotine dependence has been observed in stroke models of neurological deactivation. Several studies have consistently demonstrated that smokers hospitalized for CT-and MRI-verified stroke involving the insular cortex experienced a disruption of smoking addiction, 9, 15, 16 observed significantly fewer and less severe withdrawal symptoms during hospitalization, 17 and were less likely to relapse post-discharge 15, 16, 18 compared to smokers with stroke involving other regions. Only one study has examined trends from pre-lesion up to 12 months post-lesion and reported a sustained reduction in nicotine dependence, as measured by the Fagerström Test for Nicotine Dependence (FTND), 19 after an acute insular lesion relative to brain-damaged controls. 18 Although these findings are novel and target a key question of the insula's durability to maintain smoking addiction, the items of the FTND were developed to measure smoking behaviors among current smokers (eg, Which cigarette would you hate to give up?) and hence would not be a valid measurement tool for those who stopped smoking during follow-up.
Smoking urges are fundamental aspects of nicotine addiction that contribute significantly to drug use as well as relapse after a quit attempt. 20 Urge can arise in both current and former or nonactive smokers and thus is a construct that can be reliably measured even during smoking abstinence. 21 Recently, treating clinicians have begun to assess urges to smoke before, during, and after a quit attempt as several treatment methods are geared to control urges in the cessation process. 22 Furthermore, higher urge scores have been shown to be inversely associated with successful long-term smoking cessation. 23 Prior studies have made implications on reduced smoking urge after stroke-induced lesions to the insula based on satisfying criteria for a disruption of smoking addiction or showing lower FTND scores, 9 ,15 yet no study has actually used a validated urge scale to confirm these findings. To address this gap, this study employed the commonly used and validated Questionnaire of Smoking Urges (QSU)-brief to quantify actual level of urge at various time points relative to lesion onset. We hypothesized that among current cigarette smokers hospitalized for acute ischemic stroke, those with damage to their insular cortex would experience a greater reduction in urge from baseline (before the stroke) to acute (during hospitalization) and long-term (3 months post-stroke) follow-up as compared to those with non-insular damage. Three-month follow-up was chosen as a clinically-relevant timeframe in which the neuroadaptations that underlie addiction last after quitting.
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Methods
Study Population
The Measuring the Impact on Nicotine Dependence after Stroke (MINDS) study is a prospective cohort study of adults aged 18 years and older who were admitted to one of three acute care hospitals in Rochester, New York with a diagnosis of acute ischemic stroke (ICD-9 code 434.91) and were active cigarette smokers at the time of stroke onset. 16, 17 Patients were eligible to participate if they met all of the following inclusion criteria: (1) smoked at least one cigarette per day during the month prior to their stroke and at least 100 in their lifetime; (2) were able to understand and speak the English language; (3) has the decisional capacity, as determined by a nurse practitioner, to give autonomous informed consent and respond to the survey questions verbally or on paper; and (4) were willing to respond to the follow-up survey 3 months after hospital admission. Participants were excluded from follow-up evaluation if they had a subsequent stroke of any kind or were maintained in an environment where access to smoking was restricted.
A total of 470 ever smokers with acute ischemic stroke were screened between June 2013 and February 2014. Among the 204 (43.4%) who met the definition of a current smoker, 48 (23.5%) were excluded for not meeting the eligibility criteria (16 declined, 10 were aphasic, nine were discharged before consent, six smoked less than one cigarette per day, four had language barriers and three died in the hospital). Thus, 156 patients provided written informed consent and were enrolled into the study. Due to exclusions and losses to follow-up (nine were unavailable or did not return call, seven died, three were still admitted at facility and three had a subsequent stroke), 134 (85.9%) enrolled participants completed the 3-month follow-up assessment. Participants were paid up to $25 for study completion in a prorated fashion.
The institutional review boards at all participating institutions approved the study protocols and procedures.
Assessment of Lesion Location
Acute ischemic neurological infarctions were characterized by neuroradiologists (HZW, EMS, BES) using standard of care computed tomography (CT) and diffusion weighted magnetic resonance imaging (MRI) techniques. Participants with cerebral infarctions involving the insular cortex, whole or partially, were considered exposed; those with non-insular damage were classified as unexposed. Other mesocorticolimbic regions of interest were evaluated and included the prefrontal cortex, nucleus accumbens, amygdala, hippocampus, and the ventral tegmental area. The neuroradiologists were blinded to information other than what is commonly clinically available. The findings from MRI were weighed much more than the CT due to its high sensitivity within hours after stroke onset; however CT imaging was used when MRI was contraindicated. Follow-up fluid attenuated inversion recovery MRI sequence was used to verify initial MRI findings if available. Lesion volume-to quantify the size of the infarction-was not obtained during the exposure assessment. However, severity of stroke as measured by the National Institutes of Health Stroke Scale (NIHSS) 25 score is highly correlated with lesion volume in acute ischemic stroke patients (r = 0.96, p < .001) and was thus used as a surrogate measure for infarction size in this study. 26 Exposure data were collected and managed using Research Electronic Data Capture (REDCap) 27 tools hosted at the University of Rochester. All participants were confirmed to have acute to subacute neurological infarctions. Lesions in 134 (85.9%) participants were identified using MRI and 22 (14.1%) using only CT. Acute to subacute insular infarctions were detected in 38 (24.4%) participants. Specific lesion characterizations of regions of interest were published in a prior report. 17 
Ascertainment of End Points
The primary outcome, the QSU-brief, 28 is a 10-item measure designed to assess urges and cravings to smoke using a seven-point Likert scale (1-strongly disagree to 7-strongly agree), with higher scores indicating stronger urges. These items load onto two factors representing (1) the desire and intention to smoke when smoking is thought of as a reward and (2) the anticipation of relief from negative affect that comes with cravings. The QSU-brief exhibits favorable internal consistencies at various stages of cigarette use and is a highly reliable tool for measuring smoking desirability (Cronbach's alpha ≥ 0.87). 28 The QSU-brief total score is computed by taking the mean of all QSU-brief items.
The QSU-brief was administered twice at bedside after consent (mean = 4.4 days post-admission) in order to quantify level of urge retrospectively based on feelings prior to the stroke (T0, baseline) and cross-sectionally based on current feelings during hospitalization following stroke onset, a period of smoking abstinence (T1). Participants were contacted over the phone approximately 90 days after the date of stroke (T2) to complete the follow-up QSU-brief assessment (mean = 96.5 days post-admission), during which they returned to a less-restrictive living environment. One rater (AA) conducted all the assessments and was naive to insular damage status.
Statistical Analyses
Baseline characteristics of participants were described using relative frequencies for categorical measures and means and SD for continuous measures. Crude mean and SD of QSU-brief scores were computed at T0, T1, and T2. To test for a difference in mean ΔQSU-brief scores from baseline to T1 and T2 between exposure groups, an independent samples Student's t test was used given the normally distributed scores. A two-sided p value of less than .05 was considered a statistically significant result.
Linear regression analyses were performed with ΔQSU-brief as a continuous dependent variable. In addition to crude unadjusted models, fully-adjusted multivariable linear regression models were used to control for covariates that were predictive of outcomes in this particular study (prior intention to quit in the next month with an attempt in the past year (asked retrospectively), NIHSS score, and concurrent acute mesocorticolimbic infarction) as well as all a priori theoretical risk factors for the outcomes, including age, baseline FTND, nicotine replacement therapy (NRT) use during admission (T1), and post-admission NRT/drug use (T2). Crude and adjusted beta (β) coefficients and 95% confidence intervals (CI) were calculated. All statistical procedures were performed using SAS version 9.3 (SAS Institute, Inc., Cary, NC).
Results
The baseline characteristics of study participants, by exposure group, are described in Table 1 . The demographic variables were comparable to those of the greater Rochester, New York region and of a smoking population. Overall, the exposure groups were very similar in age, gender, race, socioeconomic and employment status, and prior cigarette use and dependence. Participants with insular damage expressed a greater interest in quitting in the next month prior to hospitalization, had a greater stroke severity as suggested by the higher mean NIHSS score, and were more likely to experience a concurrent mesocorticolimbic infarction as compared to the non-insular group.
Average QSU-brief scores at each time point, by exposure, are illustrated in Figure 1 . No difference in urge existed between insular and non-insular damaged groups at T0 before stroke onset (p = .79). At T1 and T2, both the insular and non-insular damaged groups had a reduction in urge relative to baseline; however, the levels of urge were significantly lower in the insular damaged group compared to the non-insular damaged group at both time points (p < .01). The magnitude of reduction (ΔQSU-brief) was greater in the insular damaged group compared to the non-insular group at both T1 (p < .01) and T2 (p < .01) ( Table 2 ). The change in mean urge scores from T1 to T2 remained stable in both the insular (p = .78) and non-insular (p = .67) exposure groups. Table 3 shows results from the linear regression models examining crude and adjusted magnitude of difference in urge between exposure groups. Q-Q plots for each model showed normal distributions of the residuals, satisfying linear regression assumptions. From baseline to T1 (acute change), participants with any insular damage on average had a 1.41-point larger reduction in QSUbrief score compared to those with non-insular damage (95% CI: −2.09, −0.74). After adjusting for covariates, the effect was slightly reduced but remained significant (β = −1.15, 95% CI: −1.85, −0.44). Similarly, from baseline to T2 (long-term change), participants with any insular damage on average had a 1.42-point larger reduction in QSU-brief score compared to those with non-insular damage (95% CI: −2.19, −0.65). The effect was again slightly reduced after adjusting for covariates but maintained significance (β = −0.93, 95% CI: −1.79, −0.07). Our interpretation of these findings did not change after conducting a sensitivity analysis in which we matched 1:1 on NIHSS score and concurrent mesocorticolimbic infarct. From baseline to T1, higher baseline dependence scores were associated with a reduction in urge intensity while NRT use during admission was associated with an increase in urge. Higher NIHSS scores appeared to significantly reduce urge from baseline to T2.
Discussion
Among current cigarette smokers, we examined the longitudinal effect of stroke-induced damage to the insular cortex versus other cerebral regions on smoking urge and found that relative to baseline, both groups reported a decrease in urge immediately after the stroke that was maintained until 3 months follow-up. The reduction observed in the insular damaged group, however, was greater than that in the non-insular group as hypothesized, supporting the previous claims that the insula is a neurosubstrate involved, as least partially, in the mechanism that controls conscious urges. 9, 29 These findings are also consistent with our prior reports demonstrating fewer and less severe withdrawal symptoms during T1 17 and a lower risk of relapse at T2 16 among participants with insular relative to non-insular damage. This is the first study of its kind to assess smoking urge using a validated scale and taking into consideration several other covariates that may influence the outcome. Controlling for risk factors such as NRT use, acute damage to other regions on the reward pathway, and intention to quit did not materially impact the associations and interpretations. Noteworthy is the strong association between NRT use during admission and an increase in urge score from baseline to T1, which is likely explained by the need for alternative nicotine intake in response to high levels of withdrawalinduced cravings, although insular damage was not strongly associated with NRT use (adjusted odds ratio = 0.82, 95% CI: 0.32, 2.12). 17 Whether the observed differences constitute clinically meaningful differences is difficult to verify as there are no objective cutoffs for determining urge severity. Based on the QSU-brief scale, our findings suggest that both groups slightly to moderately agreed on the urge-related questions prior to stroke. After the stroke, those with non-insular damage on average responded neutrally to the questions, while those with insular damage moderately disagreed. The withingroup responses did not change from immediately after stroke (T1) to 3 months post-stroke (T2), suggesting feelings regarding urge in the hospital were maintained even after participants were discharged to their home environment. Considering only participants who quit smoking from discharge through T2 (n = 60), those with insular damage experienced significantly less and virtually no urges (n = 22, mean QSU = 1.54, SD = 1.03) at T2 relative to those with noninsular damage (n = 38, mean QSU = 2.22, SD = 1.37) (p = .05). This suggests the persistence of some withdrawal symptoms beyond 3 months in non-insular damaged abstainers. 17 These findings, although subjective, provide some evidence that insular damage is related to acute and long-term elimination of cravings. In addition, the possibility that feelings obtained in the hospital care setting are predictive of future out-of-hospital behaviors may point to the inpatient setting as a suitable atmosphere for intervention. This is consistent with findings from a systematic review demonstrating the effectiveness of smoking cessation counseling for hospitalized smokers given outpatient support for at least 1 month post-discharge. 30 Numerous circumstances may explain the decreases in urge scores in the non-insular damaged group. Acute lesions in the mesocorticolimbic structure, parts of which have been implicated in urge and withdrawal, may disrupt the addiction pathway in mechanisms independent of the insula. 4, 29, [31] [32] [33] [34] [35] [36] We partially addressed this issue by accounting for mesocorticolimbic infarctions in the adjusted model, which did not alter the effect estimate for insular damage. The possibility that damage to a functionally connected region exacerbates this effect is also feasible. Also, because the non-insular territory is much larger than the insula itself, the likelihood of there being dense interconnections between the known areas of addiction and other regions is possible. Nonetheless, participants with insular damage still had a greater reduction than those with non-insular damage. Since insular damage was categorized as any versus none, a participant with a tiny insular infarct may have responded differently than someone with a larger area of infarction. The difference between exposure groups may have been more prominent if we would have been able to evaluate only patients with isolated complete insular lesions, as demonstrated in controlled experiments using animal models. 37, 38 This phenomenon, however, is rare given the complex vasculature of the brain, location(s) of occlusion, and timing of therapy.
The mechanism of insular involvement in reducing urge and eliminating cravings remains not fully understood. It is important to note that this study merely demonstrates a correlation of insular activity with urge and does not prove a causal role for the insula in mediating cravings. It is possible that our findings are simply downstream effects of decreased withdrawal symptoms, 17 thus eliminating withdrawal-induced cravings. On the other hand, it may be that the insula suppresses cue-induced cravings (an urge brought on by an environmental trigger), consequently reducing the symptoms of withdrawal. A distinction between cue-and withdrawal-induced urges is warranted to better understand the temporality of the insula's involvement in the neurobiological mechanism responsible for nicotine addiction, which would help scientists map brain regions to certain characteristics of addiction and ultimately be used for targeting interventions.
This prospective cohort study is the largest human study to date examining the relationship between insular cortex lesions and smoking addiction, but some limitations should be mentioned. The QSU-brief is a self-reported subjective measure of smoking urges and no objective corroboration was performed. This continuous measure, unlike other studies that assess the FTND 18 and dichotomous outcomes, 9, 15, 16, 39 is sensitive to changes in urge regardless of smoking status and allows for the evaluation of the magnitude of change given the exposure status, which is relevant since urge can range in severity. Retrospective assessments (T0) of the QSU-brief, FTND and intention to quit may have been subject to recall error considering participants recent brain injury or reflective of their current feelings at T1, although we attempted to minimize this bias by assessing this measure soon after the injury rather than waiting for complete recovery. Nevertheless, this investigation filled these gaps from previous studies and controlled for several other influential factors including stroke severity, NRT use and concurrent mesocorticolimbic infarctions. Although NIHSS score was statistically higher in insular damaged participants, the difference may not be clinically meaningful, as scores below 15 are generally considered less severe. The possibility that more severe strokes contributed to changes in the QSU should not be excluded. The higher proportion of concurrent mesocorticolimbic infarctions in the insular damaged group is likely explained by their adjacent positioning, whereas such infarctions in the non-insular damaged group are less likely due to the larger territory. After adjusting for these variables, however, effect estimates remained similar to the unadjusted model, not suggestive of confounding. As the regions affected by the stroke are likely random and unknown to the patient, exposure status should not have mediated one's intention to give false information. The small number of insular damaged patients limited our ability to conduct sub-analyses with adequate power. Identifying partial lesions to specific regions, particularly the insular cortex, would have allowed us to assess exposure-response and potentially identify specific portions of the insula (anterior vs. posterior, medial vs. lateral, right vs. left, granular vs. agranular) that may be driving the observed effect. Finally, results of this study may not be generalizable to all cigarette smokers since those who experience a stroke are likely to be less "healthy" than other smokers.
Our findings of an immediate and sustained reduction in cigarette urges among smokers with insular cortex damage validate the growing literature suggesting the insula as a neurosubstrate involved in the maintenance of cigarette smoking. Future preclinical and clinical studies should employ similar techniques to examine the effect of insular adaptations on other behavioral and physiological changes as well as with other addictions. If such findings support the insula-or a specific insular sub-region-as a safe and effective "switch" for controlling smoking urges, it may be a novel target for effective therapeutic interventions that achieve long-term smoking cessation. Pharmacologically, chemical therapies may target neurotransmitter receptors that are expressed within the insula. Invasively, deep brain stimulation may assist by providing localized stimulation to the insula, delivering a dopamine-like response, and thus a feeling of euphoria without the harms of a cigarette. 40 Non-invasively, stimulation of the brain using transcranial magnetic stimulation may also be effective by generating a brief, high-intensity electric shock between two electrodes placed on the scalp.
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